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Human immunodeficiency virus type 1 (HIV-1) encodes a protease that is essential for processing of the Gag and GagPol polyproteins and for maturation of infectious virus particles (18, 20) . Because of its essential role in viral maturation, HIV protease (HIV PR) has been a major focus for drug development efforts. To date, six protease inhibitors have been approved for the treatment of HIV infection, and several more are currently in clinical trials. The ultimate long-term success of these drugs has been diminished, however, through the in vivo selection of drug-resistant strains of HIV (6) .
Phenotypic resistance has been shown to result primarily from the accumulation of multiple mutations in the protease (8) . Primary mutations, one or more of which are necessary for protease inhibitor resistance, include D30N, G48V, V82A/F/T, I84V, and L90M (for a review, see reference 6). Other, compensatory mutations are selected for increased enzyme activity and/or stability and include L10I/F, M36I, M46I, I54V, L63P, and A71T/V. The absence of a single common evolutionary pathway toward resistance precludes clear elucidation of the individual contributions of these mutations to the altered properties of a given drug-resistant protease variant.
In addition to mutations in the protease region, several groups have observed mutations in Gag cleavage sites that have been selected in response to saquinavir, ritonavir, indinavir, lopinavir, and other experimental inhibitors (11, 23, 46, 47) . Mutations have been observed in all viral cleavage sites, and their occurrence correlates specifically with protease inhibitor therapy (9) . However, two mutations occur at a significantly higher frequency. These are a Val3Ala substitution in the P2 position of the NC/p1 cleavage site and a Leu3Phe substitution at the P1Ј position of the p1/p6 cleavage site (for an explanation of subsite nomenclature, see Materials and Methods). The frequency of the NC/p1 cleavage site mutation has been measured to be 16% in a study of 300 patients (B. A. B. Larder, K. Hertogs, C. Van den Eynde, and R. Pauwels, presented at the 2nd International Workshop on HIV Drug Resistance Treatment and Strategies, 1998). Both mutations have been shown to increase the fitness of protease inhibitor-resistant viruses (7, 11, 23, 46) . Notably, cleavage at the NC/p1 site is among the slowest processing events in Gag (10, 28, 41, 44) ; for this reason, the NC/p1 cleavage has been suggested to be a rate-limiting step in Gag processing (9) . Mutations in the p1/p6 cleavage site have been postulated to create a new frameshift site that could increase translation of the Pol polyproteins (12) , thereby increasing the concentration of viral enzymes. However, the selection of mutations in both cleavage sites raises the possibility of simultaneous changes in protease specificity and a potential role of altered specificity in the development of drug resistance. It is reasonable to expect that some HIV PR mutations will affect substrate specificity, since resistance mutations are pri-marily selected to alter inhibitor binding. Furthermore, it has been shown that various drug-resistant viruses produce different patterns of accumulated, partially processed polyproteins (46) . This observation suggests that particular mutations in the protease can differentially affect cleavage site recognition and, by association, the substrate preference of the protease. Various mutations in the protease are associated with the NC/p1 cleavage site mutation in Gag, including M46I/L, V47A, and V82A/F/T (3, 7, 19) , suggesting that these mutations may correlate to a change in substrate specificity. Moreover, in viruses with mutations in both the NC/p1 and p1/p6 cleavage sites, the protease mutations M46L, I54V, and V82A have been shown to increase the rate of viral replication (47) . Changes in protease specificity may contribute to viral resistance (13) and/or to compensatory increases in the fitness of resistant viruses (7) .
The precise determinants of HIV PR specificity are not well understood. To date, most studies have been conducted by comparison of related retroviral proteases (e.g., simian immunodeficiency virus, HIV-2, Rous sarcoma virus, murine leukemia virus) and the creation of chimeras that have elements of multiple proteases. These studies have identified many amino acids both in the active site (including residues 30, 32, 46, 47, 50, and others) and outside of the active site (residues 31 to 37 and 78 to 85) that are involved in determining the size and selectivity of the substrate binding pocket (22, 24, 38, 40) . In one study, single mutations at residues 8, 32, 82, and 84 and double mutations at residues 48 and 90 or 82 and 84 did not have a large effect on substrate specificity (33) . However, in another study, mutations G48V and L90M differentially affected the relative cleavage of peptide substrates with different amino acid sequences, suggesting that these mutations do have an effect on specificity (14) . While many residues have been identified by these studies as being important for ligand specificity, the complexity of the data prevents the definition of contributions from individual residues or mutations.
Because of the difficulty in assigning changes in substrate specificity to specific mutations, the specificity of drug-resistant proteases must eventually be defined through the enzymatic characterization of individual variants. Traditionally, protease substrate specificity has been studied using series of closely related individual substrates. The advent of combinatorial peptide chemistry has led to the development of substrate libraries, which can be designed to maximize the amount of information gathered in a short time. Positional-scanning, synthetic combinatorial libraries (PS-SCL) of peptide substrates that probe the specificities of the P1 to P4 subsites have been used to assay a wide variety of serine and cysteine proteases (2, 15) . These libraries have the potential to facilitate analysis of resistant HIV PR variants.
In this work, we have assembled a panel of seven clinically derived drug-resistant protease variants from viruses encoding different Gag cleavage site sequences. The variants contain multiple mutations and include most of the common resistance mutations. We compared the specificities of these proteases to that of wild-type HIV PR by using combinatorial libraries of peptide substrates. We show that, in certain cases, the accumulation of mutations in the protease results in subtle changes in substrate specificity. These changes are accompanied by substitutions in the NC/p1 cleavage site of the corresponding virus. This correlation between altered substrate specificity and an altered NC/p1 cleavage site strongly suggests a need to maintain efficient cleavage of the NC/p1 cleavage site, one of the poorest Gag substrates.
MATERIALS AND METHODS
Nomenclature. Residues in substrates are designated Pn (for those N-terminal to the scissile bond) and PnЈ (for those C-terminal to the scissile bond) as per the notation defined by Schecter and Berger (37) . For residues flanking the scissile bond, n ϭ 1, and for residues farther away, the count increases by increments of 1. This nomenclature should not be confused with the terms p6, p2, and p1, which refer to specific Gag proteins.
Cloning. Two different variants of wild-type HIV PR were cloned and characterized. The protease referred to in this paper as WT was expressed from a synthetic gene that encoded the Q7K mutation, which stabilizes the protease by reducing autoproteolysis (35) , and the polymorphisms K14R, R41K, L63P, and I64V. The variant referred to as pNL4-3 has the NL4-3 wild-type consensus sequence. pNL4-3 and all drug-resistant variants were amplified from patient plasma using reverse transcription-PCR and cloned into resistance test vectors (26) . Phenotypic analysis was conducted using a single-infection cycle assay as described previously (26) .
For expression and purification of individual variants, the protease genes were amplified from the respective resistance test vectors using the primers 5Ј-GCA CGTCCATGGCACCTCAGATCACTCTTTGGC-3Ј and 5Ј-CCAGGACTCG AGGTCGACTAGAAATTTAAAG-3Ј. The former primer anneals to the beginning of the protease region and contains an NcoI site (underlined). The latter primer anneals in the reverse direction to the end of the protease region and contains an XhoI site (underlined). In the case of HIV PR mdr, the same primers were used to amplify the protease region from a PCR product that had been reverse transcribed from patient serum. The preparation of the PCR product has been described previously (16) . Amplification products were cloned into the TOPO TA2.1 vector (Stratagene, La Jolla, Calif.) and then digested out of the TA2.1 vector using the restriction enzymes NcoI and XhoI. Fragments were subcloned through a pBS (Stratagene) shuttle vector into the pTacTac expression vector for expression in X90 cells as described previously (36) . All positive clones were verified using DNA sequencing.
The mutant clone 945/A82V was constructed by PCR overlap extension. Initial PCRs were based on the pBS/945 template and the following pairs of primers: (i) CheY207.F (5Ј-GAAAACAATTCGTGCGGATGG-3Ј) and M945A82V.R (5Ј-GTTGACAGGTGTAGGTCTACTAATACTG-3Ј) and (ii) T7 (5Ј-AATACGA CTCACTATAG-3Ј) and M945A82V.F (5Ј-GGACCTACACCTGTCAACATA ATTGGAAGAAATCTG-3Ј) (mutations are shown in boldface). The resulting products were gel purified and then used as templates for a second PCR using the two outer primers CheY207.F and T7. The PCR product from this reaction was gel purified and cloned into the TOPO TA2.1 vector. Then the mutated protease gene was subcloned into the pTacTac expression vector as described above for all other protease clones. Positive clones were verified by sequencing.
Protein expression and purification. All protease variants were expressed and purified using cation exchange and affinity columns as described previously (36) . Proteins were purified to more than 95% homogeneity, as analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Following purification, all proteases were concentrated to a final concentration of 2 to 10 M using Centricon-10 concentration units (Millipore, Bedford, Mass.).
Synthesis of ACC peptides and libraries. Library assays and individual substrate assays used N-terminally acetylated tetra-and hexapeptides, respectively, with the modified coumarin leaving group 7-amino-4-carbamoylmethylcoumarin (ACC) (15) . Libraries and substrates were synthesized using solid-phase synthesis (22a). Libraries were synthesized using isokinetic mixtures of amino acids to ensure that resulting mixtures of peptides would be equimolar (17, 25) . Analysis of each library with a variety of proteases of differing specificities has confirmed the lack of any major bias (data not shown).
Activity assays. All assays were run in assay buffer [100 mM 2-(N-morpholino)ethanesulfonic acid (MES; pH 6.0), 200 mM NaCl, 1 mM EDTA, 20% glycerol, 0.01% Tween-20]. Activity was monitored in microtiter plates using the ABI SpectraMax Gemini plate reader and SOFTmax software (Molecular Devices, Sunnyvale, Calif.). Assays for active-site titration used 75 M concentrations of the substrate anthranilyl-Thr-Ile-norleucine (Nle)-Leuϳp-nitrophenylalanine-Gln-Arg-NH 2 (Bachem, King of Prussia, Pa.) and were monitored as described by Toth and Marshall (39) . The enzyme was titrated using the tightbinding (low-to mid-picomolar concentrations) active-site inhibitor JE-2147 (45) . Inhibitor concentrations were varied, and the resulting rates were fit to the equation given below in order to determine total enzyme concentration. All rates were measured at 37°C in duplicate, and all titrations were repeated at least twice.
All assays on coumarin substrates were monitored at an excitation wavelength of 380 nm and an emission wavelength of 450 nm with a filter at 435 nm. At this combination of wavelengths, free ACC has a 900-fold-higher fluorescent yield than peptide-bound ACC (15) . Thus, the increase in fluorescent signal reflects only proteolysis in the expected register. Internal cleavage has been previously observed in library assays through the resulting depletion of residues at non-P1 positions (15) . We have not observed any evidence of internal cleavage by HIV PR in the library assays.
In the P1-diverse library, the total concentration of substrates was maintained at 0.16 mM, which resulted in an average substrate concentration of 0.02 M for each of the 6,859 individual substrates per well. This value is well below the K m of any substrate measured in this study. Because HIV PR, which has a relatively narrow specificity, was unlikely to turn over more than 1% of the peptides per well, the total concentration of potential substrates remained at or below 1.6 M. These conditions ensured that all substrates were analyzed in the k cat /K m range, in which initial rates are proportional to substrate concentrations. Because of the extremely low concentrations of individual substrates and the poor binding ability of this class of substrates, a large concentration of protease (10 M) was required in order for activity to be observed. Results are reported as initial rates in arbitrary units.
P1-fixed libraries are referred to individually as P1-Xaa, where Xaa is the amino acid residue fixed at the P1 position. In the P1-fixed libraries there were 361 compounds per well, with an average individual substrate concentration of 0.25 M (for a total concentration of 0.1 mM). With an estimate that the protease could bind only 10% or less of the peptides present, the total concentration of potential substrates was kept below 10 M, safely below the K m range. Final protease concentrations used for these assays were 215 nM for P1-Met (pNL4-3 PR), 140 nM for P1-Nle (pNL4-3 PR), and 1 M for P1-Leu (WT). All library assays were run at 37°C. Assays were run at least twice and are reported as average rates relative to the best rate in P3. For two variants, HIV PR 309 and HIV PR 1049, the P1-Met library was assayed only once and thus error was not determined. For all other experiments, error was Յ15% of reported values shown in Fig. 1 and 3 .
Individual kinetic constants for isolated peptides were determined using 20 to 2,000 nM protease and substrate concentrations ranging from 50 to 2,000 M. The enzyme concentration was always held at least 100-fold lower than the lowest substrate concentration in order to satisfy steady-state assumptions. Rates were measured at 37°C and fit to the Michaelis-Menten equation for steady-state kinetics in order to determine the specificity constant k cat /K m . All individual rates were determined in duplicate, and all experiments were repeated at least twice.
Computational modeling. The K45Q and D30N mutations were modeled using the InsightII software package (Molecular Simulations, Inc., San Diego, Calif.) on an Indigo II workstation (Silicon Graphics, Mountain View, Calif.). Structural coordinates from the 7hvp.pdb and 1hvr.pdb files were overlaid using the conserved catalytic residues 24 to 26 in both monomers. Distances were then measured from the side chain atoms of Asp30 and Lys45 of the 1hvr structure to the carbonyl of the P4 acetyl group in the bound ligand of the 7hvp structure.
RESULTS

Specificity of HIV PR.
The specificity of wild-type HIV PR was determined using two types of PS-SCL. To examine specificity at P1, a P1-diverse library was used. In this library, 20 amino acids (representing all natural residues except for cysteine and with the addition of Nle) were arrayed at the P1 position of a tetrapeptide coumarin substrate while the same amino acids (excluding methionine) were kept in mixtures of equimolar concentrations at positions P2 to P4. There were a total of 6,859 peptides per well, each of which was at a concentration well below the expected K m for HIV PR. This ensured that all substrates were analyzed in the k cat /K m range, in which initial rates are proportional to substrate concentrations (see Materials and Methods). Analysis of HIV PR revealed a strong preference for Met, followed, in order of decreasing preference, by Nle, Phe, and Leu (Fig. 1A) . In previous studies on the substrate specificity of HIV PR, the preferred residues at P1 have generally been Met, Tyr, Nle, Phe, and Leu, although the order of preference has depended on the residue in P1Ј (4, 21, 31) .
Based on the P1 preferences of HIV PR, three libraries were selected for further analysis of subsite specificity. These libraries each had a single amino acid fixed at P1 (Met, Nle, or Leu) and are referred to as P1-fixed libraries. Each library contained three sublibraries (P2 to P4). In each sublibrary, 19 amino acids were arrayed at one position while all amino acids were in mixtures at equimolar concentrations at the remaining two positions, resulting in 361 peptides per well. As before, individual substrates were held at concentrations well below the expected K m . Results obtained for HIV PR on the three different P1-fixed libraries indicated cooperativity between subsite preferences, i.e., relative preferences at subsites P2, P3, and P4 depended on the identity of the residue at P1 (Fig. 1B) .
At P2, there was a strong preference for the hydrophobic residues Val and Ile and, to a lesser extent, Ala and Glu. Other studies have reported a preference for Val and Ile, with varying levels of other hydrophobic residues, as well as Asn, for substrates that have hydrophobic residues at P1 or P1Ј (4, 21, 30) . The ability of HIV PR to turn over substrates with Glu at P2, observed with the PS-SCL, has not been reported in previous studies. All other observations based on the PS-SCL were consistent with published data.
At P3, there was a slightly broader preference for the larger, hydrophobic residues Leu, Trp, Tyr, and Nle; the strongest preference was Leu when P1 was Met or Nle, and Trp when P1 was Leu or Nle. Ridky et al. also observed significant cooperativity between the P1 and P3 sites, suggesting that the size of each subsite is dependent on the residue bound in the cis adjacent site (32) . In general, previous studies reported P3 preference for a wide variety of mostly hydrophobic residues, the relative ranking of which depended on the extended sequence of the substrate (5, 21, 43) .
P4 was the subsite with the broadest specificity and the greatest number of differences between libraries. However, all three libraries showed a strong tendency toward small residues. Similarly, a preference for small amino acids such as serine in this position has been reported (42) .
Because library results measured cleavage of pools of substrates, each of the resulting rates was an average over the whole pool. Any cooperativity between subsites would result in a disparity between library-based predictions and specificity constants determined for individual substrates. Cooperativity between subsites of HIV PR was tested by the synthesis and assay of individual peptide substrates that were designed to test preferences measured using the libraries (Table 1) . Substrate 6, with the sequence Ac-Arg-Lys-Asp-Leu-Asp-MetϳACC, was synthesized to confirm that the inclusion of Asp at P2 would prevent the peptide from being cleaved, as predicted by P1-Met library results. All remaining peptides were, as predicted, cleaved by HIV PR. In every case, the K m was estimated to be in the range of 1 mM or higher; thus, the k cat and K m constants were not measured separately. The range of specificity constants for the ACC peptides was between 26 and 477 M Ϫ1 s Ϫ1 . The best of these substrates, Ac-Arg-Lys-SerLeu-Ile-MetϳACC, had a specificity constant of 477 M Ϫ1 s Ϫ1 .
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This value was nearly 3 orders of magnitude lower than that for the substrate anthranilyl-Thr-Ile-Nle-Leuϳp-nitrophenylalanine-Gln-Arg-NH 2 , a hexapeptide that bound in P3-P3Ј and had a specificity constant of 2.8 ϫ 10 5 M Ϫ1 s Ϫ1 . In general, HIV PR requires extensive interactions with substrates on both sides of the scissile bond. The diminished capability to cleave ACC substrates likely resulted from the fact that the peptide portion of the substrate was bound only on the non-prime side of the scissile bond. With no amino acid residues bound on the prime side, only the ACC group was available for interaction with prime side determinants, resulting in the measurable but low level of turnover by HIV PR.
ACC peptide substrates constructed to test preferences for Met, Nle, and Leu at P1 showed a strong correlation with library results; however, substrates that varied only at P2, P3, or P4 did not always agree with library predictions. For example, specificity constants for substrates 4 and 5, which vary only at P3, as well as constants for substrates 8 to 10, which vary only at P2, reflect overall preferences from library predictions but differ somewhat. Differences between library results and results from individual substrates were most likely due to cooperativity between subsites, for which there are strong precedents in the published literature on retroviral proteases (29, 32) .
Characterization of the panel of drug-resistant HIV PRs. A panel of seven proteases cloned from clinical isolates was assembled to investigate potential changes in substrate specificity. These variants harbored a variety of mutations in both the protease and the Gag cleavage sites NC/p1 and p1/p6 ( Fig.  2A) . Mutations in the protease sequence included the commonly observed resistance-associated mutations L10I, D30N, M36I, M46I, G48V, I54V, L63P, A71T/V, V82A/I/T, I84V, N88D/S, and L90M. Mutations M46I, I54V, and V82A/T, implicated in affecting specificity (47) , were present in several permutations. The viral genome that encoded HIV PR mdr encoded wild-type sequences at both the NC/p1 and p1/p6 cleavage sites. Viruses from which variants 945, 958, and 1049 were cloned also encoded an Ala3Val substitution in P2 of the NC/p1 cleavage site. Viruses encoding the three variants 309, 769, and 954 encoded a Leu3Phe or Leu3Pro substitution in P1Ј of the p1/p6 cleavage site. Data on the protease inhibitors to which the viruses had been exposed in the patient, as well as phenotypic drug resistance profiles, are shown in Fig.  2B . Several of the variants were from multiple-drug-resistant viruses. Notably, HIV PR mdr was cloned from a virus that was transmitted to a new host despite resistance to several different protease and reverse transcriptase inhibitors (16) . Drug-resistant protease variants were screened using only the P1-Met fixed PS-SCL, on which HIV PR is most active. A comparison of all proteases assayed indicated that overall specificity is conserved among variants (Fig. 3) . Two of the proteases assayed, HIV PR mdr and HIV PR 309, had specificities identical to that of HIV PR in all subsites. This was particularly striking because these clones had 12 and 11 mutations, respectively, in the 99-amino-acid protease monomer, representing changes in more than 10% of the total protein sequence. To further test for differences, HIV PR mdr was assayed with the P1-Leu and P1-Nle libraries. Results from all three P1-fixed libraries confirmed that HIV PR mdr had a substrate specificity identical to that of wild-type HIV PR (data not shown). Given that the protease must cleave at nine sequentially distinct sites during maturation, this conservation of specificity is evidence of the close regulation of proteolytic activity.
Despite a general conservation of specificity, several variants demonstrated significant changes. HIV PR 954 had the same specificity as wild-type HIV PR at P2 and P3 but demonstrated a sharp decrease in hydrolysis of peptides with Asp and Glu at P4 (Fig. 4) . This change was accompanied by an increase in hydrophobic preferences at that subsite. HIV PR 954 harbored two mutations, K45Q and D30N, which are not found in any other protease from the panel. Both of these residues lie within hydrogen-bonding distance (Ͻ3.5 Å) of the substrate P4 residue. The decrease in acidic preference is most likely due to the loss of the lysine at position 45.
Changes in Val/Ala preference at P2. The most significant variations in specificity were observed in the relative prefer- ences for valine and alanine at P2. This change in specificity was measured as the ratio of the initial rate of valine cleavage at P2 to the initial rate of alanine cleavage at P2. Based on library results, this ratio was in the range of 1.7 to 2.8 for HIV PR as well as several drug-resistant variants, indicating that, on average, substrates with valine at P2 were cleaved twice as well as those with alanine at P2 ( Table 2 ). The Val/Ala ratio was significantly altered for three variants; it was higher for HIV PRs 945 and 958 (with ratios of 5.0 and 6.1, respectively), and it was lower for HIV PR 769 (with a ratio of 0.8).
To further investigate this potential change in substrate specificity, individual peptide substrates were synthesized. Substrates representing the natural cleavage site sequences, AcGlu-Arg-Gln-Ala-AsnϳACC and Ac-Glu-Arg-Gln-Val-Asnϳ ACC, were not cleaved by wild-type HIV PR even at concentrations up to 10 M protease and 1 mM substrate (data not shown). This result was consistent with studies showing that the representative decapeptide was poorly cleaved (11) . To increase the sensitivity of the assay, proteases were assayed with substrates based on the optimal substrate that resulted from profiling the wild-type protease, Ac-Arg-Lys-Ser-IleMetϳACC. To reduce the risk of oxidation, norleucine was substituted for methionine at P1. The preference at P2 was then assayed using substrates with either alanine or valine at P2: Ac-Arg-Lys-Ser-Leu-Ala-NleϳACC and Ac-Arg-Lys-SerLeu-Val-NleϳACC. Specificity constants were measured for HIV PR and six drug-resistant protease variants (Table 2) . For all drug-resistant proteases except HIV PR mdr, the level of activity on the substrate with alanine at P2 was less than 10% that for HIV PR. Replacement of the alanine at P2 with valine resulted in a better substrate in every case. Val/Ala ratios measured with these substrates differed from those measured with the P1-Met library because the library results were averages over hundreds of peptides. Nonetheless, HIV PR 945 and HIV PR 958, as well as HIV PR 1049, maintained ratios that were significantly higher (14.4, 22.8, and 17.0, respectively) than that of wild-type HIV PR (5.6). Determinants of changes in specificity: Val82Ala. All three drug-resistant variants with increased Val/Ala ratios at P2 had reductive mutations in active-site residues. HIV PR 958 had an I84V substitution, and HIV PRs 945 and 1049 each had a V82A substitution. Although residues 82 and 84 form part of the S1 pocket and not the S2 pocket, a reductive mutation at either position could cause a shift in bound substrate that would favor larger residues at the adjacent site, S2. In order to test the effect of the V82A substitution on specificity at P2, position 82 in HIV PR 945 was reverted to the wild-type residue, valine. The resulting variant, HIV PR 945/A82V, was assayed using both the P1-Met library and the individual substrates described in the preceding section. The specificity constants of HIV PR 945/A82V were three times greater than those of HIV PR 945, which is consistent with the reconstitution of a wild-type-like active site. In addition, the librarybased Val/Ala ratio for the revertant was 3.4, which is midway between that of the parent HIV PR 945 (5.0) and that of wild-type HIV PR (1.7). Although the individual-substratebased valine/alanine ratio for HIV PR 945/A82V did not shift toward the wild-type value, the library results remain a compelling indicator of altered specificity because they reflect proteolysis of a large pool of peptide substrates. The observation that the A82V reversion mutation seems to affect specificity but does not completely return the protease to wild-type-like specificity is indicative of the complexity of retroviral protease substrate specificity.
Correlation of altered specificity with viral cleavage sites. The shift of relative preferences for valine and alanine at P2 is particularly intriguing because of its potential relevance to the resistance mutation in which Val is substituted for Ala at the P2 position of the NC/p1 cleavage site. Of the seven drugresistant variants examined here, three were derived from viruses that harbored this mutation (Fig. 2A) . These are the same three variants, 945, 958, and 1049, that demonstrated an increased preference for Val relative to Ala at P2. HIV PR 769, which preferred Ala to Val at that position, was derived from a virus that harbored the wild-type cleavage site with Ala at P2. This suggests that four out of seven viruses have evolved, through varying pathways, toward increased efficiency of the NC/p1 cleavage.
DISCUSSION
The substrate specificity of HIV PR has been studied previously using series of individual peptide substrates that differ only by one or two residues. It is prohibitively laborious to conduct a complete analysis of all residues at every subsite using this method. We have chosen to use PS-SCLs of tetrapeptide substrates, which allow simultaneous analysis of an unbiased set of thousands of substrates in a short period of time. In this work, we have compared the non-prime-side specificity of HIV PR with that of a panel of clinically derived drug-resistant HIV PR variants. Given the strict requirements of aspartyl proteases for extended substrate interactions, it is unusual that HIV PR is able to catalyze proteolysis of the tetrapeptide ACC substrates, in which only the coumarin binds on the prime side. Indeed, the specificity constants for the ACC substrates are at least 3 orders of magnitude lower than those for longer substrates. That ACC proteolysis is measurable runs contrary to the findings of prior studies that have shown the minimal length of an HIV PR substrate to be P4 to P3Ј (10, 42) . However, specificity constants this low would be extremely difficult to measure using the detection methods typically used with HIV PR, which often involve high-pressure liquid chromatographic analysis and/or the use of a less-sensitive chromogenic or fluorogenic reporter group. Because the free ACC group fluoresces strongly, proteolysis of these substrates may be detected at rates that are below previous detection limits. The lack of extended peptide binding on the prime side does not appear to affect non-prime-side specificity, since the substrate specificity of HIV PR determined using the PS-SCLs is consistent with that reported previously for longer peptide substrates. We are therefore confident that the comparisons between wild-type HIV PR and drug-resistant HIV PR that are based on the ACC libraries reflect true changes in specificity.
Because resistance mutations are selected for decreased inhibitor binding and potentially alter the shape of the active site, it follows that the same mutations may affect substrate specificity. To the contrary, all clinically derived proteases in this study demonstrated a general conservation of wild-type specificity. Moreover, both HIV PR 309 and HIV PR mdr had specificities indistinguishable from that of wild-type HIV PR despite 11 and 12 mutations, respectively, with respect to the wild-type sequence. Notably, HIV PR mdr harbors the mutation L90M, which as a single mutation has been shown to alter the specificity of WT protease in a previous study (14) . Taken together, these data suggest that compensatory mutations, in addition to being selected for increased activity, may also be selected for maintenance of specificity. This preservation of specificity is consistent with the role of the protease in the viral life cycle, in which it must cleave nine different sites in a specific, well-regulated order.
There were a few exceptions in which we observed changes in protease specificity. In the most dramatic case, HIV PR 954 demonstrated greatly reduced cleavage of acidic residues at P4. Because this is likely the result of losing a charge-charge interaction, we are able to predict with some certainty the amino acid residues responsible for the change. This protease variant has two mutations that are unique within the panel of variants studied here, namely, D30N and K45Q. The reduced preference for acidic residues is likely due to the loss of the basic lysine residue at position 45. The D30N mutation may also be involved in the concomitant increase in hydrophobic preference for this protease. Mutations at Asp30 as well as Lys45 have been observed in drug-resistant proteases.
The most intriguing alteration in specificity is the deviation in the preference for valine relative to alanine at P2. Several protease variants, i.e., HIV PRs 945, 958, and 1049, demonstrate an increase in preference for valine relative to alanine. The altered specificity, observed with the libraries, is corroborated by specificity constants for individual substrates. By one or both measures, the ratios of valine turnover to alanine turnover for HIV PRs 945, 958, and 1049 are approximately twice that for wild-type HIV PR. All variants with an increased Val/Ala ratio contain a reductive mutation at either position 82 or position 84, both situated in the active site. The reversion of position 82 to Val in HIV PR 945 resulted in a partial but not complete return to wild-type specificity. The residue at position 82 contributes directly to the S1 binding pocket and does not come in contact with the P2 residue (33) . Because the substrate binds in an extended, ␤-strand conformation, a mutation that makes the S1 subsite larger may result in a shift in the position of the substrate backbone toward the S1 pocket. This would result in a preference for larger amino acids at P2. The mutation at position 82 seems to be partially responsible for changing the specificity, but it is clearly insufficient by itself. Several previous studies have noted the correlation of the altered NC/p1 site with mutations at position 82, in particular V82A (3, 9) . In addition, studies on NC/p1 cleavage site mutations have implicated protease mutations at V32, M46, I47, and I54, all of which are in the vicinity of the S2 subsite (7, 19, 40, 47) . The interplay among the determinants of substrate specificity, which include these mutations and others yet to be identified, is clearly complex.
Among the viruses examined in this study, the increased preference for valine over alanine at P2 corresponds in every case to a NC/p1 cleavage site mutation in which valine has replaced alanine at the P2 position. The result of the cleavage site mutation is a more efficient substrate. The additional selection for an increased preference for valine suggests that there may be further selective pressure to increase proteolysis of the NC/p1 cleavage site. Furthermore, HIV PR 769 demonstrated a marked increase in the preference for alanine relative to valine, even preferring alanine over valine at the P2 position. Based on this result, we would predict that HIV PR 769 could cut the wild-type cleavage site, which has alanine at P2, more efficiently than the mutated sequence. Indeed, the corresponding virus encodes a Gag polypeptide with the wildtype NC/p1 cleavage site. We postulate that the different clinical isolates from which the panel of variant proteases was obtained have developed resistance to protease inhibitors and maintained efficiency of cleavage of the NC/p1 site through multiple evolutionary mechanisms.
Such consistent evolution is likely to be relevant in the context of viral subspecies competing in a highly selective environment. Under such conditions, it is plausible that the rate of viral maturation is limited by single molecular events, such as cleavage of a specific Gag site. This hypothesis of a "choke point" in viral fitness is consistent with our previous demonstration that there is a minimum threshold of proteolytic activity of 2 to 5% (1, 34), which is approximately the level of activity of the resistant HIV PR variants in our panel. Below this level of activity, infectious particles are no longer produced. Because the protease cuts the cleavage sites within Gag and Gag-Pol with different efficiencies, this threshold is most likely defined by one or a few sites rather than by all nine cleavage sites. When the protease is a poor catalyst, which often happens as a consequence of acquiring resistance to protease inhibitors, HIV may be under selective pressure to increase the efficiency of the slowest cleavage events. In vitro, the order of Gag cleavage has been shown to be as follows: p2/NC, MA/CA and p1/p6, NC/p1, and CA/p2 (28) . Cleavage of CA/p2 and cleavage of NC/p1 are the two slowest cleavage events and are thus good candidates for threshold-defining events.
The order of cleavage of isolated peptide substrates representing the Gag sites differs from the order of cleavage in the context of full-length Gag. Specifically, in the absence of the entire Gag polyprotein, the CA/p2 site is cleaved approximately as efficiently as the MA/CA site, which is one of the best Gag substrates (41) . In the context of the complete Gag polyprotein, cleavage at the CA/p2 site is reduced as a result of the p2/NC cleavage (27) . Thus, the CA/p2 cleavage event is regulated by more than the interaction of the substrate with the active site of the protease, and selection for improved cleavage at this site would likely not be observable in vitro as a simple change in substrate specificity. To the contrary, the inefficiency of NC/p1 cleavage is completely consistent with poor catalysis of the corresponding decapeptide substrate. Thus, there is great potential for enhancement of this cleavage event through an evolution of the protease-substrate interaction. The coevolution of protease specificity and cleavage site sequence toward a more-efficient cleavage of the NC/p1 cleavage site suggests that cleavage of this site becomes limiting in the context of impaired, drug-resistant protease.
In this work, we have compared the substrate specificities of a panel of drug-resistant protease clones from patients. While previous studies have looked at the effects of individual mutations, subtle changes may have been missed because the effect is dependent on multiple mutations. By studying multiply mutated clones from HIV-positive patients, we have been able to compare relevant sets of mutations and their roles in determining protease specificity. Identification of mutations or sets of mutations that change specificity, such as K45Q, may help to guide the design of future generations of protease inhibitors. In addition, variations in preference for valine versus alanine at P2 have illuminated the role of the NC/p1 cleavage as a regulatory checkpoint in viral maturation. Regulation of this cleavage event may be eased when the virus is under antiproteolytic pressure. Further studies to correlate altered specificity and cleavage site mutations with viral fitness are expected in order to further refine this model, identify other regulatory checkpoints, and ultimately provide a better understanding of the regulation of viral maturation.
